INTRODUCTION
============

Gliomas are the most frequent primary brain tumors, accounting for \>50% of all brain tumors ([@B18]). Glioblastoma, the most malignant form, is characterized by increased proliferation and invasion into the surrounding normal brain tissue ([@B40]). In spite of the use of multi-modal therapies, including surgery and radio- and chemotherapy, the mean survival rate in patients with glioma remains extremely low ([@B24]). The highly lethal nature of this tumor results from the acquisition of an invasive phenotype that allows the tumor cells to infiltrate the surrounding brain tissue ([@B6]). Therefore innovative approaches that target the invasion of glioma are urgently needed. Although studies have shown that various stimuli promote glioma cell invasion, the underlying mechanisms remain largely unknown.

Nuclear factor kappa B (NF-κB) is a transcription factor that regulates a host of biological events ([@B17]). During the activation of NF-κB, its inhibitory subunit (IκBα) undergoes phosphorylation, ubiquitylation, and degradation, leading to nuclear translocation of the RelA (p65)--RelB (p50) complex ([@B10]; [@B21]; [@B37]). It has been reported that constitutive activation of NF-κB in glioma plays an important role in the regulation of genes involved in cellular adhesion, migration, and invasion ([@B48]; [@B46]; [@B41]). In contrast, suppressed NF-κB activation impedes glioma migration and invasion. Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) were identified originally as signal-transducing molecules for TNFR and the interleukin-1 (IL-1) receptor--induced NF-κB activation ([@B14]; [@B15]). TRAFs, including TRAF1, -2, -3, -5, and -6, have been shown to interact directly or indirectly with members of the TNFR superfamily ([@B2]; [@B12]). It has been reported TRAF1 and TRAF2 are involved in glioma proliferation and drug-induced apoptosis ([@B7]; [@B1]). However, whether TRAFs are involved in glioma cell migration and invasion is unknown.

*Drosophila* Numb (*d-Numb*) is a key protein involved in neural precursor asymmetric division, segregating preferentially into one of the daughter cells to ensure the two daughters adopt different cell fates ([@B47]). In mammals, Numb and Numblike (Numbl) have been identified as homologues of *d-Numb*. Numbl is primarily localized in the cytoplasm and has redundant functions with Numb in embryonic neurogenesis ([@B52], [@B53]). Mouse Numb and Numbl can directly bind and inhibit the Notch1 intracellular domain, leading to suppressed Notch signaling ([@B32]; [@B20]). Recently Numbl has been found to suppress NF-κB activation via interaction with TRAF6 and TGF-β activated kinase 1 binding protein 2 (TAB2; [@B34]; [@B38]; [@B5]).

In the present study, we examined the role of Numbl in glioma cell migration and invasion. We found that a malignant glioma phenotype is associated with lower Numbl expression, as opposed to Numbl expression in normal brain tissue or a more benign glioma phenotype. Numbl directly binds to TRAF5 and promotes its polyubiquitination, followed by proteasomal degradation, thus terminating NF-κB activation. Consequently, invasion and migration of glioma cells is suppressed. Therefore our results suggest that Numbl may play an important role in the invasion and migration of glioma cells.

RESULTS
=======

Numbl suppresses glioma migration and invasion
----------------------------------------------

To probe the role of Numbl in the migration and invasion of glioma, we first analyzed the expression levels of Numbl in eight normal brain tissue samples, eight low-grade glioma samples (grades II and III), and eight high-grade glioma samples (grade IV, glioblastoma). As expected, Numbl expression was detectable in all the samples examined. In the eight low-grade glioma tissues, the expression level of Numbl was lower than that observed in the eight normal brain tissue samples (0.29008 ± 0.182531 vs. 1.14861 ± 0.19508) and the high-grade glioma tissue samples (0.29008 ± 0.182531 vs. 0.97915 ± 0.18055) ([Figure 1](#F1){ref-type="fig"} and Supplemental Figure S1). Migration to the nearby tissue and invasion of basement membrane by tumor cells are thought to be critical for glioma metastasis ([@B11]). Because glioblastoma is considered more invasive and migratory than other types of glioma, this piece of evidence indicates that Numbl may be involved in the regulation of glioma metastasis.

![Western blot analysis of Numbl expression levels in human glioma tissues and cell lines. A representative Western blot image of Numbl and TRAF5 expression in two normal brain tissues, two low-grade glioma tissues, two high-grade glioma tissues, and eight human glioma cell lines. Protein levels of Numbl and TRAF5 were quantified by correcting the average pixel intensity for each band with that of GAPDH as an internal control for equal loading of protein samples. The data are means ± SEM.](2635fig1){#F1}

At the same time, we also measured Numbl expression in eight glioma cell lines (U251, U-87MG, U-118, T98G, LN-18, LN-229, A172, and H4). Numbl was expressed in all eight cell lines. Among these cell lines, H4 cells expressed the highest amount of intracellular Numbl, whereas U-87MG had the lowest ([Figure 1](#F1){ref-type="fig"}). Previous studies have shown U-87MG cells are more aggressive in cell migration and invasion compared with H4 cells ([@B16]; [@B26]). Therefore, in the following studies, the U-87MG and H4 cell lines were used unless specified otherwise.

To determine whether the expression of Numbl was associated with glioma cell migration and invasion, we transfected stable cells with Numbl expression plasmid or knockdown plasmid were established. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed neither knockdown nor overexpression of Numbl impacted cell viabilities (Figure S2), essentially ruling out a possible role for Numbl in regulating apoptosis. On the other hand, a wound-healing assay indicated that the migratory capacity of cells transfected with small interfering RNA (siRNA) targeting Numbl was significantly elevated compared with cells transfected with nonspecific siRNA, whereas it was decreased in both types of glioma cells overexpressing Numbl ([Figure 2, A and B](#F2){ref-type="fig"}). Next we probed the effect of Numbl on the invasion of glioma cell lines by Transwell assay. Depletion of Numbl by siRNA doubled the number of cells that penetrated the Matrigel, whereas ectopic expression of Numbl hampered the invasion of glioma cells ([Figure 2C](#F2){ref-type="fig"}). We then transfected the Numbl-silenced cells with a construct encoding mouse Numbl; glioma migration and invasion were reversed compared with the Numbl knockdown cells ([Figure 2, A--C](#F2){ref-type="fig"}). Taken together, our data indicate that Numbl may play an inhibitory role in glioma migration and invasion.

![Effect of Numbl, TRAF6, and TAB2 on glioma cell migration and invasion. (A) H4 and U-87MG glioma cells were stably transfected with the control vector (Con.), Numbl, siRNA (RNAi), and HA-Numbl expression vector as indicated. Protein expression of Numbl or HA-Numbl was analyzed by Western blotting. The data are means ± SEM. \*, p \< 0.05, compared with the control group. (B) Equal numbers of stably H4 and U-87MG cells were transfected with a plasmid encoding Numbl for 24 h and then seeded into six-well tissue culture plates. A wound-healing assay was performed and analyzed as described in *Materials and Methods*. The data are means ± SEM. \*, p \< 0.05, statistically significant compared with the control group; \*\*, p \< 0.05, statistically significant compared with Numbl RNAi group. (C) Aliquots of 1 × 10^6^ stably transfected H4 and U-87MG cells were transfected with a plasmid encoding Numbl for 24 h and then cultured in Matrigel chambers. A Transwell assay was performed and analyzed as described in *Materials and Methods*. The data are means ± SEM. \*, p \< 0.05, compared with the control group; \*\*, p \< 0.05, statistically significant compared with Numbl RNAi group. (D) U-87MG glioma cells were transfected with the control RNAi vector (Con.), TAB2, or TRAF6 siRNA vector, as indicated. Protein expression of TAB2 and TRAF6 was analyzed by Western blotting. The data are means ± SEM. \*, p \< 0.05, statistically significant compared with the control group. (E and F) U-87MG glioma cells were transfected with knockdown vectors targeting TRAF6 or TAB2. Wound-healing (E) and Transwell (F) assays were performed and analyzed as described in *Materials and Methods*. The data are means ± SEM.](2635fig2){#F2}

Numbl suppresses glioma cell invasion and migration by inhibiting NF-κB activation
----------------------------------------------------------------------------------

It has been reported that the NF-κB--dependent signaling pathway is involved in glioma migration and invasion ([@B50]). We confirmed that inhibition of NF-κB activity by SN50, an NF-κB--specific inhibitor could indeed prevent the migration and invasion of glioma cells in vitro ([Figure 2, B and C](#F2){ref-type="fig"}). Huo and colleagues recently reported that Numbl regulates NF-κB activation in HEK 293T cells ([@B23]). In glioma cells, overexpression of Numbl suppressed NF-κB transcriptional activity in both IL-1β--treated and untreated glioma cells ([Figure 3A](#F3){ref-type="fig"}). Therefore we assessed the possibility that Numbl modulates glioma cell migration and invasion though the NF-κB signaling pathway. Enhanced migration and invasion of glioma cells resulting from Numbl knockdown was blunted in the presence of SN50 ([Figure 2, B and C](#F2){ref-type="fig"}). Collectively, our data suggest that Numbl prevents migration and invasion of glioma cells by suppressing NF-κB activity.

![The effect of Numbl and TRAF5 on NF-κB activation. (A) Stable H4 and U-87MG cells were transfected with HA-Numbl, and then treated with SN50 or left untreated. Luciferase activities were detected in these transfected cells. The data are means ± SEM. \*, p \< 0.05, statistically significant compared with normal cell group; \*\*, p \< 0.05, statistically significant compared with TRAF5 overexpression group; ^\#^, p \< 0.05, statistically significant compared with the Numbl reexpressed TRAF5 overexpressed cells; ^▴^, p \< 0.05, statistically significant compared with the IL-1β--treated cells. (B) H4 and U-87MG glioma cells were transfected with the control RNAi vector (Con.), Numbl, siRNA (RNAi), myc-TRAF5, or myc-TRAF5(K85R) expression vector, as indicated. Protein expression of TRAF5 or myc-TRAF5 was analyzed by Western blotting. The data are means ± SEM. \*, p \< 0.05, compared with the control group.](2635fig3){#F3}

Numbl binds to TRAF5 directly and suppresses TRAF5-dependent NF-κB activation
-----------------------------------------------------------------------------

Because we observed that Numbl inhibits glioma migration and invasion by suppressing NF-κB activity, we sought to tackle the underlying mechanism. TRAF6 and TAB2, two molecules involved in NF-κB signaling, have been reported as downstream targets of Numbl. Elimination of endogenous TRAF6 and TAB2 by siRNA, however, had no effect on glioma migration and invasion ([Figure 2, D--F](#F2){ref-type="fig"}), essentially ruling out any role for TRAF6 or TAB2 in Numbl-mediated suppression of glioma cell migration and invasion. A yeast two-hybrid screening revealed that Numbl could also bind to TRAF5, another signaling molecule, during NF-κB activation (unpublished observations). Indeed, there was elevated expression of TRAF5 in high-grade glioma tissue (0.71344 ± 0.16032) when compared with normal brain tissue (0.33327 ± 0.09165) and low-grade glioma tissue (0.48088 ± 0.10391) ([Figures 1](#F1){ref-type="fig"} and S1). H4 cells also exhibited lower expression of TRAF5 than U-87MG cells, in direct contrast with the expression pattern of Numbl. To further investigate whether Numbl and TRAF5 could directly bind to each other, we performed glutathione *S*-transferase (GST) pulldown assays. The GST-tagged TRAF5 could bind to His-tagged Numbl directly in vitro ([Figure 4A](#F4){ref-type="fig"}). Furthermore, TRAF5 was found to interact with Numbl in reciprocal coimmunoprecipitations in HEK293T cells transfected with hemagglutinin (HA)-tagged Numbl and myc-tagged TRAF5 ([Figure 4B](#F4){ref-type="fig"}). More importantly, endogenous Numbl and TRAF5 could interact with each other in H4 cells ([Figure 4C](#F4){ref-type="fig"}). Finally, immunofluorescence microscopy illustrated that Numbl and TRAF5 were colocalized in the cytoplasm in U-87MG cells ([Figure 4D](#F4){ref-type="fig"}).

![Numbl interacts with TRAF5 in vivo and in vitro. (A) Purified GST-TRAF5 and GST proteins were incubated with His-Numbl in the presence of glutathione beads. The bound proteins were collected and analyzed by Western blotting with anti-His antibody. (B) HA-Numbl and myc-TRAF5 vectors (1.5 μg each) were cotransfected into HEK293T cells. Extracts with equal amount of protein were immunoprecipitated with anti-myc or anti-HA antibody and analyzed by Western blotting. (C) H4 cells were lysed with RIPA buffer and equal amounts of lysates were coimmunoprecipitated with anti-TRAF5 antibody. The normal rabbit immunoglobulin G was used as a negative control, and the TRAF6 antibody was used as a positive control. (D) U-87MG cells were fixed, and immunofluorescence microscopy was performed using the indicated antibodies to show colocalization of endogenous Numbl and TRAF. The nucleus was counterstained with 4′,6-diamidino-2-phenylindole. Scale bar: 25μm. (E) Numbl contains a phosphotyrosine-binding domain (N1), a Phe-rich domain (N3), and a coiled-coil domain (N5). HEK293T cells were transfected with myc-TRAF5 and HA-Numbl mutants (1.5 μg each). Cell lysates were immunoprecipitated with anti-HA antibody and analyzed by Western blotting. (F) TRAF5 contains a finger domain (T1), a zinc finger motif (T3), and a TRAF domain (T5). HEK293T cells were transfected with myc-TRAF5 mutants and HA-Numbl (1.5 μg each). Cell lysates were immunoprecipitated with anti-HA antibody and analyzed by Western blotting.](2635fig4){#F4}

To further delineate the interaction between Numbl and TRAF5, we performed coimmunoprecipitation assays using deletion mutants of Numbl and TRAF5. The Phe-rich and coiled-coil domains seemed to be required for Numbl to interact with TRAF5, as deletion of either domain abrogated the interaction ([Figure 4E](#F4){ref-type="fig"}). Conversely, the zinc finger domain and TRAF domain of TRAF5 were indispensable for the Numbl-TRAF5 interaction, whereas the Ring domain was neither sufficient nor necessary ([Figure 4F](#F4){ref-type="fig"}). In further support of the notion that Numbl represses NF-κB activity by targeting TRAF5, we found that depletion of endogenous TRAF5 by siRNA normalized NF-κB activity in the presence of exogenous Numbl ([Figure 3, A and B](#F3){ref-type="fig"}). Taken together, these data clearly demonstrate that Numbl suppresses NF-κB activation by interacting with TRAF5.

Numbl promotes K48 polyubiquitination of TRAF5
----------------------------------------------

When TRAF5 was cotransfected into HEK293T cells with increasing amounts of Numbl, TRAF5 protein levels were decreased, but TRAF5 mRNA levels remained unchanged ([Figure 5Aa and 5Ab](#F5){ref-type="fig"}). The decrease in TRAF5 protein expression was reversed by the 26S proteasome inhibitor MG132 ([Figure 5Ac](#F5){ref-type="fig"}). These data indicate that Numbl could potentially regulate protein stability of TRAF5. During NF-κB activation, TRAFs undergo polyubiquitination ([@B28]). To determine whether Numbl promotes TRAF5 ubiquitination, we examined the ubiquitinated TRAF5 species in HEK293T cells expressing HA-tagged ubiquitin with or without Flag-Numbl. Coexpression of Numbl further increased ubiquitinated TRAF5 and decreased the corresponding unconjugated myc-TRAF5 levels (Figure S3A). Furthermore, TRAF5 polyubiquitination occurred through K48-linked but not K63-linked ubiquitin chains in the presence of Numbl ([Figures 5B](#F5){ref-type="fig"} and S3A). More importantly, Numbl knockdown decreased, while Numbl overexpression increased K48 polyubiquitination of endogenous TRAF5 in glioma cells ([Figure 5C](#F5){ref-type="fig"}). Of note, the basal level of TRAF5 polyubiquitination was higher in H4 cells than in U-87MG cells, consistent with expression patterns of TRAF5 in these cells ([Figure 5C](#F5){ref-type="fig"}).

![Numbl promotes K48-linked polyubiquitination of TRAF5. (A) HEK293T cells were transfected with increasing amounts of the HA-Numbl plasmid and myc-TRAF5; this was followed by treatment with or without MG132 (50 μM) for 4 h. After 24 h, cells were collected for Western blot and reverse transcriptase PCR analyses. The data are means ± SEM. \*, p \< 0.05, statistically significant compared with the first lane. (B) HEK293T cells were transfected with indicated expression vectors (1.5 μg each); this was followed by MG132 treatment for 4 h. Cell lysates were immunoprecipitated with anti-myc antibody and detected by Western blotting. (C) H4 glioma cells were transfected with a Numbl knockdown plasmid (Numbl RNAi), and U-87MG cells were transfected with a Numbl expression plasmid (HA-Numbl). Cell lysates were immunoprecipitated with anti-myc antibody and detected by Western blotting.](2635fig5){#F5}

To pin down the exact lysine residue conjugated to the K48-linked polyubiquitin chain, we mutated individual lysine residues within TRAF5 (K85, K89, K95, K100, K119) to arginine. Only one mutant (K85R) lost the ability to assemble K48-linked polyubiquitin chains (Figure S3B). Indeed, Numbl promoted K48-linked polyubiquitination of wild type, but not the K85R mutant TRAF5 in HEK293T cells ([Figure 5B](#F5){ref-type="fig"}). The K85R TRAF5 was refractory to Numbl-mediated repression of NF-κB transcriptional activity, acting as a dominant negative mutant ([Figure 3, A and B](#F3){ref-type="fig"}). Taken together, these results strongly suggest that Numbl suppressed NF-κB activation by promoting Lys-48--linked polyubiquitination of TRAF6.

TRAF5 is a downstream target of Numbl for promoting glioma cell migration and invasion
--------------------------------------------------------------------------------------

To examine whether the suppression of glioma migration and invasion by Numbl was mediated via TRAF5 degradation, we transfected a TRAF5 siRNA expression vector into H4 and U87-MG cells. As shown in [Figure 6](#F6){ref-type="fig"}, elimination of TRAF5 expression significantly decreased the migration and invasion of the glioma cells and was accompanied by decreased NF-κB activation ([Figure 6, A--C](#F6){ref-type="fig"}). In contrast, overexpression of TRAF5 promoted cell migration and invasion ([Figure 6, A--C](#F6){ref-type="fig"}). Introduction of exogenous Numbl completely negated the increase of cell migration and invasion driven by wild-type TRAF5. Again, the K85R mutant was able to stimulate glioma migration and invasion, even in the presence of Numbl, indicative of its dominant negative nature ([Figure 6, A--C](#F6){ref-type="fig"}). In conclusion, these data suggest that TRAF5 is a downstream target of Numbl in suppressing glioma cell migration and invasion in a ubiquitination-dependent manner.

![Numbl suppressed glioma cell migration and invasion through the NF-κB pathway. Stable H4 and U-87MG cells expressing TRAF5 RNAi, myc-TRAF5, or K85R mutant TRAF5 were transfected with or without HA-Numbl and then treated with SN50 or left untreated. Wound-healing (A) and Transwell (B) assays were performed and analyzed as described in *Materials and Methods*. (C) Statistical analysis of cell migration distances and cell invasion numbers. The data are means ± SEM. \*, p \< 0.05, statistically significant compared with normal cell group; \*\*, p \< 0.05, statistically significant compared with myc-TRAF5 overexpression group; ^\#^, p \< 0.05, statistically significant compared with the HA-Numbl + TRAF5 overexpressed cells.](2635fig6){#F6}

DISCUSSION
==========

In the present study, we found that Numbl protein level was attenuated in high-grade glioma tissue samples and glioblastoma cell lines. In vitro studies showed that Numbl could inhibit cell motility and invasiveness. We further showed that TRAF5 degradation and consequent suppression of NF-κB activation were essential for the alleviation of glioma cell invasion induced by Numbl. Taken together, our data provide novel evidence that the Numbl/TRAF5/NF-κB signaling pathway is involved in glioma cell migration and invasion.

Glioma cell invasion involves complex interactions between malignant cells and normal cells ([@B30]). It has been reported that during glioma invasion and migration, growth factors such as vascular endothelial growth factor, human growth factor, and leptin promote glioma migration and invasion by inducing NF-κB activation ([@B8]; [@B13]; [@B29]). Subsequently, activated NF-κB stimulates the transcription of adhesion molecules, photolytic enzymes, and extracellular matrix molecules to facilitate cell migration and invasion ([@B9]; [@B39]; [@B45]). However, it remains unclear how NF-κB activity is fine-tuned in this process. Our work reported here suggests that TRAF5-induced NF-κB activation plays an essential role during glioma migration and invasion. TRAF5 was originally identified as an activator in interleukin-induced NF-κB signal transduction via its TRAF domain ([@B19]; [@B43]). Previous studies have found that CD40 was overexpressed on the surface of glioma cells and may potentially induce neovascularization by activating the VEGF pathway to promote glioma invasion ([@B49]; [@B51]). Recently it has also been reported that IL-1 and IL-6 levels are elevated in glioblastoma, which is linked to increased MMP9 expression via activation of phosphatidylinositol 3-kinase PI3K/Akt and NF-κB ([@B31]; [@B22]). Because TRAF5 can act downstream of CD40 and interleukins, including IL-1β and IL-6 ([@B28]; [@B15]), it is possible that TRAF5 plays a key role in CD40- and/or IL1/6-mediated NF-κB activation during glioma migration and invasion.

In the process of activating NF-κB, TRAF proteins undergo ubiquitination ([@B4]). Although ubiquitination often results in protein degradation, certain types of ubiquitination are important for signaling and/or protein trafficking ([@B36]). K63-linked ubiquitination is associated with enhanced signaling transduction and protein trafficking, whereas polyubiquitination through K48 of the ubiquitin chain generally targets proteins for degradation ([@B35]; [@B27]; [@B25]). In the present study, we found that TRAF5 polyubiquitination was involved in glioma migration and invasion. Specifically, K48-linked polyubiquitination of TRAF5 suppressed glioma migration and invasion by promoting TRAF5 degradation.

It has been shown that Numbl is required for the proper morphogenesis of cerebral cortex, because inactivation of Numbl in radial glial cells leads to progenitor dispersion and disorganized cortical lamination ([@B42]; [@B33]). It is possible that Numbl is involved in brain tumorigenesis. We found that Numbl expression was down-regulated in high-grade glioma tissues and glioblastoma cell lines, and was involved in cell migration and invasion. A recent study has shown that the copy number of Numbl was not altered between normal brain tissues and glioma tissues, indicating that repressed transcription and/or accelerated protein degradation may be responsible for decreased Numbl expression ([@B3]). Numbl was initially identified as a negative regulator of the Notch signaling pathway. Recently several studies have found that Numbl mediates NF-κB deactivation by preventing TAB2 from interacting with polyubiquitinated TRAF6 and RIPK1 and stimulating the K48-linked polyubiquitination and degradation of TRAF6 ([@B23]; [@B54]). Our data suggest that during glioma migration and invasion, the Notch signaling protein Numbl may act as an inhibitor, targeting TRAF5 to proteasomal degradation and therefore suppressing NF-κB activation. Similar to TRAF6, TRAF5 binds to the C-terminus of Numbl that includes a Phe-rich segment and a coiled-coil domain ([@B54]). On the other hand, Numbl interacts with the zinc finger and the TRAF domains of TRAF5. It is possible the K85 site within TRAF5 is exposed during binding to Numbl and may be targeted by a yet unidentified E3 ligase for degradation. We found that Numbl suppresses glioma invasion by promoting TRAF5 ubiquitination at Lys-85. These data indicate that Numbl may serve as an inhibitor in glioma migration and invasion by promoting TRAF5 degradation and suppressing NF-κB signal transduction. Further investigation is warranted to dissect the complex nature of the functional interplay between Numbl and NF-κB.

In conclusion, this study reveals the biological significance of Numbl down-regulation in glioma and illustrates that Numbl is a negative regulator in glioma invasion and migration. Our data presented here provide a viable strategy for the development of novel therapies to prevent glioma invasion.

MATERIALS AND METHODS
=====================

Primary human glioma tissue and tissue homogenization
-----------------------------------------------------

Eight low-grade human glioma samples (WHO grades II and III) and eight high-grade glioma samples (WHO grade IV, glioblastomas) were obtained from the Department of Pathology, Affiliated Hospital of Nantong University, from 2004 to 2008. All tumors were from patients with newly diagnosed glioma who had received no therapy before sample collection. Normal brain specimens were acquired from eight patients undergoing surgery for epilepsy. All samples were reviewed by a panel of three neuropathologists. All the tissues for immunoblot analysis were frozen immediately after surgery. Approximately 100--300 mg of each tissue sample was manually homogenized with a homogenizer in RIPA lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM sodium pyrophosphate, 25 mM β-glycerophosphate, 1 mM EDTA, 1 mM Na~3~VO~4~, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride). After centrifugation, the supernatant was used immediately for Western analysis or stored at −80 ºC.

Plasmids, reagents, and antibodies
----------------------------------

The full-length human Numbl (GenBank no. NM_004756.3), mouse Numbl (GenBank no. NM_010950.2), and human TRAF5 (GenBank no. NM_004619.3) cDNA was isolated from the brain cDNA library. The pET28-Numbl, pGEX-6P-1-TRAF5, pCMV-TRAF5-myc, and pCMV-HA-Numbl were generated by standard procedures (primers used are shown in Supplemental Table S1). For RNA interference (RNAi), shRNA sequences targeting the Numbl (AAGGCAAAGC­CACTGTAGAGA), TRAF5 (AACGGATAAACGGAGGAACCT), TRAF6 (GenBank no. NM_009424.2, CTTTCCAGAAGTGCCAGGTTA), and TAB2 (GenBank no. NM_015093, 4TGACATTGACTGCTTAACCAA) were cloned into the pCDNA6.2-GW/enhanced green fluorescent protein--micro RNA vector per the instruction manual (Invitrogen). SN50, a cell-permeable inhibitor peptide, was used to suppress NF-κB activation in glioma cell lines. The antibodies used in this study include: mouse monoclonal anti-TRAF5 antibody and rabbit polyclonal anti-GAPDH antibodies (Santa Cruz Biotechnology); mouse monoclonal anti-myc antibody, rabbit polyclonal anti-HA antibody, and rabbit polyclonal anti-Flag antibodies (Sigma-Aldrich); mouse monoclonal anti-HA and rabbit polyclonal anti-myc antibodies (Roche); rabbit polyclonal anti-Numbl antibody (Abcam); mouse monoclonal anti-ubiquitin antibody, mouse monoclonal anti-Lys-63--specific ubiquitin antibody, and mouse monoclonal anti-Lys-48--specific ubiquitin antibody (Millipore). All antibodies for Western blotting were used at a dilution ratio of 1:1000. To detect the localization of Numbl and TRAF5 by immunofluorescence staining, we used mouse monoclonal anti-TRAF5 antibody, rabbit polyclonal anti-Numbl antibody, mouse monoclonal anti-myc antibody, and rabbit polyclonal anti-HA antibody at 1:100 dilution.

Cell culture and transfection
-----------------------------

U251, U-118, U-87MG, T98G, LN-18, LN-229, A172 and H4 are all human glioma cell lines derived from patients with glioblastoma. HEK293T is a human embryonic kidney cell line with stably incorporated SV40 large-T antigen. All cell lines were cultured in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (Life Technologies). Transient transfections were performed using Lipofectamine 2000, following the manufacturer\'s recommendation (Life Technologies). For the creation of stable cells, transfected cells were exposed to 0.5 mg/ml neomycin (for overexpression vector) or 0.01 mg/ml blasticidin (for RNAi vector) for 2 wk.

GST pulldown, immunoprecipitation, and immunoblotting
-----------------------------------------------------

The interaction between Numbl and TRAF5 was assessed by GST pulldown and coimmunoprecipitation assays as previously reported ([@B54]). Briefly, GST-TRAF5 (pGEX-6P-1-TRAF5) and 6His-Numbl (pET28-Numbl) were transformed in BL21 and induced to express by the addition of isopropyl β-[d]{.smallcaps}-thiogalactoside (0.1 mM) at 20°C. The fusion proteins GST and GST-TRAF5 were purified with glutathione-Sepharose 4B beads. The 6His-Numbl was purified with Ni--NTA agarose. The GST--bound and GST-TRAF6--bound glutathione-Sepharose 4B beads were incubated with His-Numbl proteins in NETN buffer (100 mM NaCl, 20 mM Tris-Cl, pH 8.0, 0.5 mM EDTA, 0.5% NP-40) for 2 h at 4ºC. Binary complexes were eluted by boiling the beads in 2 × SDS loading buffer (20 mM Tris-HCl, pH 8.0, 100 mM dithiothreitol, 2% SDS, 20% glycerol, 0.016% bromophenol blue) and were separated by SDS--PAGE. For immunoprecipitation assays, cells were collected in phosphate-buffered saline and lysed by RIPA buffer. After being precleared with protein G Sepharose beads, cell lysates were incubated with the specific antibody bound to either protein A or G Sepharose beads (Roche) for 12 h at 4 ºC. Precipitated immune complexes were washed with RIPA buffer four times, eluted by boiling in 2 × SDS sample buffer, resolved by SDS--PAGE gel, and analyzed by immunoblotting, as previously reported ([@B44]).

Luciferase assay
----------------

The pGL3-Basic vector and the NF-κB-dependent luciferase reporter vector (pGL3- NF-κB) were purchased from Promega. Cells were plated 16--24 h prior to transfection and cotransfected with the expression/siRNA vectors, NF-κB luciferase reporter, and pRL-TK (for normalization) using Lipofectamine 2000. After 24 h, aliquots of cell lysate were used to assay NF-κB and *Renilla* luciferase activities with the dual-luciferase reporter assay system (Promega) on an EG&G Berthold Lumat LB9507 luminometer. Data are reported as the ratio of firefly/*Renilla* luciferase activity.

Wound-healing assay
-------------------

Equal numbers of stably transfected cells were seeded into six-well tissue culture plates. When the cells reached 90% confluence, a scratch wound was created in the center of the cell monolayer by gently removing the attached cells with a sterile plastic pipette tip. The debris was removed by washing the cells with serum-free culture medium. Cells boarding the wound were visualized and photographed under an inverted microscope 24 h after the wound was created. The distances cells migrated into the wounded area were calculated by subtracting the distance 24 h after wound healing from the initial distance. A total of nine areas were selected randomly from each well under a 40× objective, and the cells in three wells of each group were quantified in each experiment.

In vitro invasion assays
------------------------

Cells from stable clones used for invasion assays were performed as previously reported ([@B46]). Generally, Transwell filters were coated on the upper side with 30 mg of Matrigel (Millipore) for 2 h at 37ºC, and then 1 × 10^6^ cells were subcultured on the Transwell filter. After incubation for 24 h, cells on the upper chamber were fixed with 4% paraformaldehyde and stained with toluidine blue before being counted under an inverted microscope. In all experiments, data were collected from triplicate chambers.

Statistical analysis
--------------------

All experiments were repeated at least three times. All numerical data are described as mean ± SEM. Data were analyzed using the two-tailed *t* test. A probability value of 0.05 or less was considered significant.
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